H2 relaxin is a peptide hormone associated with a number of therapeutically relevant physiological effects, including regulation of collagen metabolism and multiple vascular control pathways. It is currently in phase III clinical trials for the treatment of acute heart failure due to its ability to induce vasodilation and influence renal function. It comprises 53 amino acids and is characterized by two separate polypeptide chains (A-B) that are cross-linked by three disulfide bonds. This size and complex structure represents a considerable challenge for the chemical synthesis of H2 relaxin, a major limiting factor for the exploration of modifications and derivatizations of this peptide, to optimize effect and drug-like characteristics. To address this issue, we describe the solid phase peptide synthesis and structural and functional evaluation of 24 analogues of H2 relaxin with truncations at the termini of its peptide chains. We show that it is possible to significantly truncate both the N and C termini of the B-chain while still retaining potent biological activity. This suggests that these regions are not critical for interactions with the H2 relaxin receptor, RXFP1. In contrast, truncations do reduce the activity of H2 relaxin for the related receptor RXFP2 by improving RXFP1 selectivity. In addition to new mechanistic insights into the function of H2 relaxin, this study identifies a critical active core with 38 amino acids. This minimized core shows similar antifibrotic activity as native H2 relaxin when tested in human BJ3 cells and thus represents an attractive receptor-selective lead for the development of novel relaxin therapeutics.
H2 relaxin is a peptide hormone associated with a number of therapeutically relevant physiological effects, including regulation of collagen metabolism and multiple vascular control pathways. It is currently in phase III clinical trials for the treatment of acute heart failure due to its ability to induce vasodilation and influence renal function. It comprises 53 amino acids and is characterized by two separate polypeptide chains (A-B) that are cross-linked by three disulfide bonds. This size and complex structure represents a considerable challenge for the chemical synthesis of H2 relaxin, a major limiting factor for the exploration of modifications and derivatizations of this peptide, to optimize effect and drug-like characteristics. To address this issue, we describe the solid phase peptide synthesis and structural and functional evaluation of 24 analogues of H2 relaxin with truncations at the termini of its peptide chains. We show that it is possible to significantly truncate both the N and C termini of the B-chain while still retaining potent biological activity. This suggests that these regions are not critical for interactions with the H2 relaxin receptor, RXFP1. In contrast, truncations do reduce the activity of H2 relaxin for the related receptor RXFP2 by improving RXFP1 selectivity. In addition to new mechanistic insights into the function of H2 relaxin, this study identifies a critical active core with 38 amino acids. This minimized core shows similar antifibrotic activity as native H2 relaxin when tested in human BJ3 cells and thus represents an attractive receptor-selective lead for the development of novel relaxin therapeutics.
Human relaxin-2 or H2 relaxin is a peptide hormone with multiple pleiotropic actions (1) . Initially thought to be only a reproductive hormone involved in facilitating delivery of the young, more recent studies have demonstrated that H2 relaxin plays a key role in inflammatory and matrix remodeling processes and possesses potent vasodilatory, angiogenic, and other cardioprotective actions (2) . The vasodilatory effects of H2 relaxin are thought to involve promotion of nitric oxide and the gelatinases, matrix metalloproteinase-2 and matrix metalloproteinase-9, in addition to antagonism of the vasoconstricting actions of endothelin-1 and angiotensin II (3) . This causes systemic and renal vasodilation, increased arterial compliance, and other vascular changes. These findings have led to current clinical trial evaluation of relaxin as drug for the treatment of patients with acute heart failure (AHF) 6 (4, 5) . Furthermore, the matrix remodeling actions of H2 relaxin have enhanced its reputation as a rapidly acting but safe antifibrotic agent, which has been further supported by its ability to successfully inhibit and/or reverse fibrosis in every preclinical model of experimental disease evaluated to date (6, 7) .
All of the above actions of H2 relaxin are thought to be mediated through its native receptor RXFP1 (originally named LGR7), which is a leucine-rich repeat containing G-protein coupled receptor that is characterized by an unusually large ectodomain (8) . H2 relaxin, however, can also bind to and activate the related receptor, RXFP2, which is the native receptor for insulin-like peptide 3 (INSL3) (9) , suggesting that potential cross-reactivity may be associated with its diverse actions. Due to its enormous potential as a drug, it would be desirable to produce RXFP1-specific H2 relaxin analogues to minimize any possible side effects elicited by its interaction with RXFP2.
H2 relaxin has an insulin-like core structure containing two chains (A and B) and three disulfide bonds (see Fig. 1 ) (10, 11) . Comparison of the H2 relaxin primary structures with relaxin peptides from different species reveals a remarkable sequence similarity in the mid-region of the B-chain where two arginine residues are located on the same surface of the ␣-helix (12). This observation led to a study of the role of these amino acids in the function of the hormone. Schwabe et al. (13) first showed that the two arginines (Arg B13 and Arg B17 ) interact with RXFP1 like a prong and that binding is mediated by both the positive charge and by the hydrogen-bonding network produced by the guanidino group in the side chain of each Arg. A third amino acid in the B-chain, Ile B20 , has also been reported to be essential for binding to RXFP1 (14) , resulting in a triangular contact region referred to as the "RXXXRXXI" binding cassette (14) . The residues in this binding cassette have been demonstrated to interact with the large extracellular domain RXFP1 (15, 16) . However, it is clear that there is an additional interaction of the peptide with the transmembrane exoloops of the receptor that is predicted to involve the A-chain of the peptide (17) . Park et al. (18) recently reported that the A-chain residues Thr A16 , Lys
A17
, and Phe A23 are involved in interactions either with RXFP1 or RXFP2, although it is unclear whether the described effects are related to a compromised overall structure or disruption of a receptor contact point.
The N terminus of the A-chain of H2 relaxin has no functional role as reported previously (19, 20) . Shortening of the N terminus of the A-chain of porcine (19, 20) or H2 (21) relaxin by up to four residues had no effect on binding or activation of RXFP1 and RXFP2. Further truncation, however, caused both a decrease in affinity and potency and that of structural integrity as assessed by CD and NMR techniques (21) . The replacement of these deleted residues with alanines capable of adopting the native ␣-helical structure without displaying functionality caused significant biological activity and structure to reappear (20, 21) . These findings in turn, suggested that no single amino acid in the N-terminal region of the A chain is functionally important, but that the presence of an ␣-helix is required to maintain the overall fold of the protein which is key to the H2-RXFP1 and H2-RXFP2 interactions (21) . In contrast, a similar truncation study on INSL3 showed that it can be truncated at the N terminus of its A-chain by up to nine residues without affecting the binding affinity to its receptor RXFP2, while becoming a high affinity antagonist (22) . Thus, H2 relaxin is binding to and activating both RXFP1 and RXFP2 receptors in a similar manner but via a mechanism that is different compared with INSL3 (21) . This structure activity relationship study indicates that the active site of H2 relaxin most likely consists of the mid-region of the B-chain helix and the C-terminal region of the A-chain (18, 23) . In this study, we have carried out truncations at other regions within the A-and/or B-chains and evaluated the resulting structure and function of these minimized peptides. We report that B-chain truncations together with the N-terminal A-chain truncations lead to a generation of domain-minimized active H2 relaxin analogues with high selectivity for RXFP1. As H2 relaxin is already in phase III clinical trials for the treatment of AHF (4), the development of smaller, and thus cheaper, RXFP1-specific next generation H2 relaxin analogues will have immediate clinical impact. Additionally, these minimized peptides may also have great potential as treatments for organ fibrosis.
EXPERIMENTAL PROCEDURES
Solid-phase Peptide Synthesis-Native H2 relaxin consists of a 24-residue A-chain and a 29-residue B-chain that are linked by three disulfide bonds (see Fig. 1 ). All H2 relaxin analogues synthesized in this study contain two chains and three disulfide bonds. Both regioselectively S-protected A-and B-chains were synthesized separately by the continuous flow Fmoc solidphase method (24) using an automatic PerSeptive Biosystems Pioneer peptide synthesizer (Framingham, MA) or by using microwave-assisted synthesis on a Liberty system (CEM Corp.) (21, 23, 25, 26) .
In total, 24 H2 relaxin analogues were synthesized in this study (see Fig. 1 ). These included the following: four B-chain N-terminal truncated analogues (H2-(B3-29), H2-(B5-29), H2-(B7-29), and H2-(B9 -29)), six B-chain C-terminal truncated analogues (H2-(B1-28), H2-(B1-27), H2-(B1-26), H2-(B1-25), H2-(B1-24), and H2-(B1-23)), four B-chain Nand C-terminal truncated analogues (H2-(B7-25), H2-(B7-24), H2-(B8 -25), and H2-(B8 -24)), and six A-and B-chain truncated analogues (H2-(A2-24)(B7-24), H2-(A3-24)(B7-24), H2-(A4 -24)(B7-24), H2-(A5-24)(B7-24), H2-(A7-24)(B7-24), and H2-(A9 -24) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) ). All of these H2 analogues were amidated at the C termini of both the A-and B-chains. In addition, two free acid analogues were made: H2-(A4 -24)(B7-24)-COOH and H2-(A4 -24)(B7-24)-COOH. Finally, two ϽGlu-acylated (pyroglutamic acid) H2 analogues were made: H2-(AZ-5-24)(B7-24) and H2-(AZ-7-24)(B7-24). The solid support used for both A-and B-chains was Fmoc-PAL-PEG-PS for all peptides except for H2-(A4 -24)(B7-24)-COOH and H2-(A4 -24)(B7-24)-COOH where the first amino acid was pre-loaded on the solid support.
Peptide Characterization-The purity of the synthetic peptides was assessed by analytical RP-HPLC on a Phenomenex C18 column (pore size, 300 Å; particle size, 5 m; 4.6 ϫ 250 mm) using a gradient of acetonitrile in 0.1% aqueous trifluoroacetic acid. The product was confirmed by MALDI-TOF mass spectrometry using a Bruker Autoflex II instrument (Bremen, Germany) in the linear mode at 19.5 kV. The peptides were quantitated by amino acid analysis of a 24 h acid hydrolysate using a Shimadzu microbore RP-HPLC system.
Ligand Binding Assay-HEK-293T cells stably transfected with RXFP1 and RXFP2 were grown in RPMI 1640 medium (Sigma) supplemented with 10% FCS, 100 g/ml penicillin, 100 g/ml streptomycin, and 2 mM L-glutamine and plated into 24-well poly-L-lysine-coated plates for whole cell binding assays. Competition binding experiments were performed with either europium-labeled H2 relaxin (26) or Eu 3ϩ -labeled INSL3 (27) in the absence or presence of increasing concentrations of unlabeled hormones. Nonspecific binding was determined with an excess of unlabeled peptides (500 nM H2 relaxin or INSL3). All data are presented as the mean Ϯ S.E. of the percentage of the total specific binding of triplicate wells, repeated in at least three separate experiments, and curves were fitted using onesite binding curves in Graphpad Prism 4 (Graphpad Software). Statistical differences in pIC 50 values were analyzed using oneway analysis of variance coupled to a Newman Keul's multiple comparison test for multiple group comparisons in Graphpad Prism 4.
Functional cAMP Assay-The influence of the various ligands on cAMP signaling in cells expressing RXFP receptors was assessed using a cAMP reporter gene assay as described previously (28) . Briefly, HEK-293T cells in 96-well plates were co-transfected with either RXFP1 or RXFP2 and a pCRE-␤-galactosidase reporter plasmid (29) . 24 h later, cotransfected cells were treated with increasing concentrations of H2 relaxin analogues or INSL3 in parallel to 10 nM of H2 relaxin or INSL3 for RXFP1-or RXFP2-transfected cells respectively. After 6 h, the cell medium was aspirated, and the cells were frozen at Ϫ80°C overnight. The amount of cAMP-driven ␤-galactosidase expression in each well was determined as described previously (28) . Ligand-induced stimulation of cAMP was expressed as a percentage of the maximum H2 relaxin and INSL3 response for RXFP1 and RXFP2 cells, respectively. Data points were measured in triplicate, and each experiment was repeated at least three times. Statistical differences in pEC 50 values were analyzed using one-way analysis of variance coupled to a Newman Keul's multiple comparison test for multiple group comparisons in Graphpad Prism 4.
NMR Structural Analysis-Selected analogues were subjected to solution NMR spectroscopy analysis to investigate the effect of truncations on overall structural features. Samples prepared comprised 1.5, 1.0, 0.7, and 0.3 mg of the peptides H2-(A5-24)(B7-24), H2-(B1-24), H2-(A5-24), and H2-(B7-24), respectively. For each peptide, two-dimensional homonuclear 1 H data, including TOCSY and NOESY were recorded at 600 MHz, 298 K, pH ϳ 4. All data were recorded on a Bruker Avance spectrometer and processed using TopSpin (version 2.1) (Bruker). The data were analyzed using the program CARA (30) and assigned using standard two-dimensional sequential assignment strategies (31) . The secondary H␣ chemical shifts (i.e. deviations of observed chemical shifts from chemical shifts expected for a random coil peptide (32)) were compared with the ones observed in full-length native H2 relaxin and used as indicators of structural changes.
Determination of Collagen Content-The efficacy of the H2-(B7-24) and H2-(A4 -24)(B7-24) analogues was compared to the native H2 relaxin peptide via measurement of collagen deposition in BJ3 cells, a human dermal fibroblast cell line (33) which endogenously expresses RXFP1. BJ3 cells were maintained in DMEM containing 17% medium 199, 15% FCS, penicillin (50 units/ml), streptomycin (50 g/ml), and 1% L-glutamine (DMEM-FCS) and plated at the density of 1 ϫ 10 6 cells/ well (from passages 5-10) in six-well plates for experimental conditions. Cells were then treated for 72 h with varying concentrations of the H2-(B7-24) or H2-(A4 -24)(B7-24) analogues alone; with TGF-␤1 (2 ng/ml) alone; or with recombinant H2 relaxin (16.8 nM) or the H2-(B7-24) analogue (16.8 nM) or the H2-(A4 -24)(B7-24) analogue in TGF-␤1 (2 ng/ml)-stimulated cells. The concentration of H2 relaxin used in this study (16.8 nM) was determined previously to have maximal effects in inhibiting TGF-␤1-induced collagen synthesis and deposition when applied to other types of fibroblasts (34 -36) . Untreated cells were used as controls from which basal collagen deposition could be measured. These treatments were carried out three to seven separate times in triplicate.
The amount of collagen deposited by BJ3 cells into the matrix was determined by isolating the cell layers of control and treated samples before subsequently hydrolyzing them with 6 M hydrochloric acid. Hydroxyproline content was then measured from the hydrolyzed samples as described previously (37) . Hydroxyproline values were then converted into collagen content by multiplying by a factor of 6.94, based on the finding that hydroxyproline represents ϳ14.4% of amino acid composition of collagen in most mammalian tissues (38) .
RESULTS

N-terminal Truncations of H2 Relaxin B-chain-
The importance of the N-terminal region of the H2 relaxin B-chain for biological function was investigated by the production and testing of a series of truncated analogues in which up to eight residues were removed (Fig. 1) . The synthesis of all analogues was straightforward, and all peptides folded with similar or better yields than native H2 relaxin. The ability of the analogues to bind and activate the RXFP1 receptor was characterized in cellbased assays ( Fig. 2 and Table 1 , analogues 2-5). Truncations were found to be well tolerated with most analogues retaining close to native affinity and potency at RXFP1. The only peptide showing a statistically significant drop in potency compared with native H2 relaxin was analogue 5, H2-(B9 -29). This drop in potency was accompanied by a drop in binding affinity, but this was not significant. Thus, at least residues B1-6 do not significantly contribute to the receptor interaction.
C-terminal Truncations of H2 Relaxin B-chain-The importance of the C-terminal part of the B-chain for relaxin activity was tested in a similar fashion with stepwise removal of residues up to Cys B23 (Fig. 1) . Again synthesis was straightforward with all peptides folding in yields similar or improved compared with native H2 relaxin. Analogues with up to five residues removed retained native-like affinity and potency with only analogue 11, H2-(B1-23), showing a statistically significant drop in potency that was accompanied by a significant drop in binding affinity ( Fig. 3 and Table 1 , analogues 6 -11). Thus, residues B25-29 also appear to be dispensable for RXFP1 activation.
Combination of N-and C-terminal Truncations of H2 Relaxin B-chain-To identify a minimized active B-chain, a set of four peptides with combinations of truncations at both the N and C termini was generated (Fig. 1) . Again, no complications were observed throughout the synthetic production with all analogues being produced in high yields and in high purity. All analogues were tested for RXFP1 binding and activity (Fig. 4 and Table 1 , analogues 12-15). The four tested peptides showed similar affinity and potency for RXFP1. Thus, the minimal B-chain required for effective activation of RXFP1 was concluded to be the shortest variant B7-24. In comparison with native H2 relaxin, this peptide comprises 20% less amino acids and has an ϳ10-fold decrease in activity at the RXFP1 receptor.
Combinations of A-and B-chain Truncations of H2 RelaxinIn our previous work, we investigated the role of the H2 relaxin A-chain in the interaction with RXFP1 (18) . We showed that analogues with up to five residues truncated retained close to full activity. Thus, to achieve an overall structurally minimized H2 relaxin analogue, we combined the truncated B-chain identified in this work with truncated variants of the H2 relaxin A-chain (Fig. 1) . Interestingly, although no drop in activity was previously seen when the A-chain alone was truncated by four to five residues (21), similar truncations in combination with the truncated B-chain did further decrease the potency at RXFP1 by ϳ10-fold, with further truncations losing further potency ( Fig. 5 and Table 1 , analogues 16 -21) . This likely reflects that the combination of changes leads to a destabilization of the overall structure, which in turn affects both affinity and potency in equal measure. Nonetheless, the H2-(A4 -24)(B7-24) peptide retains nanomolar potency at RXFP1 while comprising only 36 residues in comparison with the 53 residues of the native peptide. When analyzing the activity of the peptides truncated both in the A-and B-chain, it was somewhat surprising to see that a substantial loss of activity was evident after removal of the first A-chain residue, pyroglutamate (ϽGlu) (Fig. 5) . In native H2 relaxin, the A-chain adopts a helical conformation stretching all the way to the N terminus. Thus, it is possible that the pyroglumate residue is beneficial for the structure, as the positive charge associated with a free N terminus, which would otherwise be present, would be clashing with the helix dipole moment. To investigate this effect, a ϽGlu residue was added to the N terminus of the A chain-truncated analogues, resulting in analogues H2-(ϽGlu-A5-24)(B7-24) and H2-(ϽGlu-A7-24)(B7-24) peptides (Fig. 1) . Although increased binding was seen for H2-(ϽGlu-A7-24)(B7-24) compared with H2-(A7-24)(B7-24), this effect may simply be due to the fact that the peptide chain was extended by one residue, as no significant increase in activity was seen for H2-(ϽGlu-A5-24)(B7-24) when compared with H2-(A4 -24)(B7-24), which comprise the same length A-chains but with the former lacking the free N terminus (Fig. 6, A and B, and Table 1 , analogues 22-23). Furthermore, to investigate whether the amidation at the C terminus used for all analogues affected activity, we chemically prepared two peptides with free acid at both chain C termini, H2-(A5-24)(B7-24)-COOH and H2-(A4 -24)(B7-24)-COOH, and compared their activity to their respective amidated analogues. The results clearly demonstrated that the amidated truncated peptides are more active than their acid versions (Fig. 6 , C and D, and Table 1 , analogues 24 and 25). This is not surprising as amidation of the C terminus, like acetylation of the N terminus, would be expected to improve the helicity due to removal of the clash between the negative charge and the dipole moment, thereby stabilizing the structure of the peptides. 
Effects of Truncations on INSL3
Receptor RXFP2-In light of the fact that H2 relaxin is currently in clinical trials for AHF and is showing potential for other clinical uses, it was of interest to investigate the selectivity of the truncated analogues for RXFP1 over RXFP2, as native H2 relaxin is able to activate RXFP2 with high affinity. Truncation of the B-chain C terminus was expected to have a positive effect on the selectivity for RXFP1, as Trp B28 , which is conserved in INSL3, is critical for INSL3 binding to RXFP2 (39) . This was indeed found to be the case with H2-(B1-24) showing a significant decrease in affinity for, and activation of, RXFP2 (Fig. 7 and Table 1 , analogue 10). Truncation of the N terminus of H2 relaxin A-chain was found to further reduce the activation of RXFP2. Thus, the lead molecule H2-(A4 -24)(B7-24) is devoid of measureable activity at RXFP2 (Fig. 7 and Table 1 , analogue 18).
Structural Studies of Truncated Analogues-To investigate the effects of the truncations from a structural perspective to see whether there was a link between changes in activity and changes in overall structure, several analogues were subjected to solution NMR spectroscopy analysis and compared with fulllength H2 relaxin. Initially, the three different truncations of the A-chain N terminus, the B-chain N terminus, and the B-chain C terminus were studied individually. H2-(B1-24) was found to give high quality data indicative of a well ordered structure. Complete sequential assignments were possible and a comparison of the secondary H␣ shifts, which are good indicators of secondary structure, to the ones observed in fulllength H2 relaxin showed that all elements of secondary structure were fully retained (Fig. 8) . A number of key long range NOEs could also be identified, confirming the overall fold was identical to the one seen in H2 relaxin. In contrast, both H2-(A5-24) and H2-(B7-27) gave spectral data of less quality. This was partially due to the smaller amount of material that was available for these studies, but also overall, the signals were considerably broader, suggesting that the overall structure was destabilized and that conformational rearrangements resulted in significant exchange broadening. As a consequence resonance assignments were not possible for either peptide. A structural analysis was also undertaken on the overall minimized H2-(A5-24)(B7-24) peptide. Although this peptide also suffered from generally broad lines, the effect was less pronounced, and with a higher sample concentration available, near complete backbone assignments was possible. In comparison with full-length H2, the secondary shifts were found to be closer to random coil values, but stretches of negative values are seen throughout the three helical segments, A2-10, A16 -24, and B11-22 ( Fig. 8) , suggesting at least a helical tendency in these regions. However, the overall tightly folded structure appears to have been disrupted.
Collagen Content Assay-Based on the ability of native H2 relaxin to consistently inhibit TGF-␤1-induced aberrant collagen production and deposition when applied to various types of fibroblasts (35, 36, 40 -42) , the effects of H2 relaxin (16.8 nM) on TGF-␤1-stimulated collagen deposition from human BJ3 cells were compared with equivalent concentrations of the H2-(B7-24) and H2-(A4 -24)(B7-24) peptides (Fig. 9) . TGF-␤1 (2 ng/ml) significantly increased collagen deposition in the cell layer by 65-70% (p Ͻ 0.01) of that measured in untreated cultures over 72 h, whereas native H2 relaxin (16.8 nM) significantly inhibited this aberrant collagen content by approximately two-thirds (p Ͻ 0.05) of that measured in TGF-␤1-alone treated cells over the same time period (Fig. 9) . Despite having a lower affinity for RXFP1, the H2-(B7-24) and H2-(A4 -24)(B7-24) analogues (at an equivalent concentration of 16.8 nM) also significantly decreased TGF-␤1-stimulated content by a similar extent to that of the full-length peptide over 72 h (Fig. 9) , demonstrating similar efficacy to native H2 relaxin in vitro. Importantly though, these shortened analogues did not markedly influence basal collagen content (up to 150 nM), consistent with previous findings for H2 relaxin (36, 40, 41) .
DISCUSSION
H2 relaxin has been known for Ͼ75 years. However, its receptor RXFP1 was only discovered a decade ago (8) which has limited the ability to characterize the structural basis of the mechanism of action of the hormone. The activation of the rather unusual RXFP1 and RXFP2 receptors is complex, requiring several interactions involving the LRR domain (15) , the extracellular loops (43) , and the N-terminal LDLa module (28) , eventually leading to the activation of the receptor (44, 45) . Although one key feature, the RXXXRXXI relaxin cassette in the mid-region of the H2 relaxin B-chain and its interaction with the leucine-rich repeats of the ectodomain (14 -16), this interaction alone is not sufficient to explain all of the activation events involved. Thus, to search for additional features involved in the activation of RXFP1 and RXFP2, in this study, we chemically generated 24 two-chain variants of H2 relaxin with truncations at different termini. We show that no individual residue within the regions B1-6, B24 -28, and A1-4 contributes significantly to the overall affinity of H2 relaxin for RXFP1. However, simultaneous removal of these regions results in a drop in affinity and corresponding potency on RXFP1, presumably due to a compromised overall structure. Nonetheless, our findings demonstrate that it is possible to generate H2 relaxin analogues that remain potent agonists for RXFP1 in vitro but that are only two-thirds the size of native H2 relaxin, thus significantly decreasing the cost and complexity of their chemical synthesis. Importantly, such analogues are fully selective for RXFP1 over RXFP2, in contrast to native H2 relaxin, which is a high affinity ligand for both RXFP1 and RXFP2 (8) .
Insights into the Interaction between H2 Relaxin and RXFP1 and RXFP2-Numerous studies have focused on determining the structural features of H2 relaxin that control the interaction with its native receptor RXFP1 and the related INSL3 receptor RXFP2. The identification of the relaxin binding cassette RXXXRXX(I/V) of the H2 relaxin B-chain was made more than a decade ago (14, 46) . It was subsequently shown that this midregion of the B-chain, which is exposed on the face of a B-chain helix is the primary binding site in other relaxins (47, 48) . Subsequently, mutations in the LRRs of the ectodomain have identified the corresponding binding site for the cassette in RXFP1. Each of the Arg residues are coordinated by a pair of acidic residues forming a network of hydrogen bonds coordinating the guandinium groups, whereas Ile B19 interacts closely with a hydrophobic cluster on the LRR surface (15) .
Although the picture of primary binding of H2 relaxin to the LRR domain is well established, very little is known about how the receptor is activated and the signal transferred through the membrane, which requires additional interactions. Studies utilizing the natural cross-reactivity of relaxin peptides for RXFPs and chimeric peptides and receptors have provided important clues. Replacement of RXFP1 extracellular loop 2 with the corresponding region from RXFP2 abolished the binding of H3 relaxin, which effectively activates native RXFP1 but not RXFP2, suggesting that this region is involved in the secondary interaction (43) . Furthermore, a chimeric peptide comprising the H3 relaxin B-chain and the A-chain of INSL5 loses the ability of native H3 relaxin to interact with RXFP1 (49) . Structural studies on this peptide revealed that this effect is not related to structural changes as the H3 relaxin B-chain adopts an identical conformation in the chimera as when associated with its native A-chain (50) . Thus, at least in part, the domain responsible for activation of the RXFP1 and RXFP2 receptors must be located in the A-chain. Intriguingly, there is substantial evidence that this secondary activation interaction differs significantly between different relaxin peptides and relaxin receptors. Truncation of the N-terminal part of the A-chain in INSL3 results in a high affinity antagonist (19) for the RXFP2 receptor, whereas similar truncations of H2 relaxin results in lower affinity agonists. Thus, the "activation domain" of INSL3 but not H2 relaxin appears to be located in the N-terminal part of the A-chain.
Here, we provide new mechanistic insights firmly ruling out the presence of an activation domain of H2 relaxin in the B-chain N or C termini as both regions can be truncated without loss of activation of the receptor. Instead, analogous to what we reported previously for truncation of the A-chain N terminus, small decreases in affinity and potency of H2 relaxin at the RXFP1 receptor are seen as the termini are being shortened, but importantly, all generated analogues were still able to significantly activate the receptor. This finding points to the regions of H2 relaxin mediating receptor activation as being located in the mid-to C-terminal part of the A-chain. This finding is consistent with studies by Park et al. (18) , which suggest that Tyr A16 and Lys A17 are important for the H2 relaxin interaction with RXFP1. However, the nature of such an interaction is unclear as no drop in affinity for RXFP1 was seen when either of these residues were mutated by Ala but only when replaced by Gly (18) , which may suggest a secondary effect related to structural changes. Clearly, further mutational studies targeting the midto C-terminal part of H2 relaxin A-chain are required to shed light on its role in receptor activation, in particular for the development of a highly sought after high affinity RXFP1 antagonist.
Effects of Truncations on H2 Relaxin Structural Fold-The finding that, although individual shortening of the A-chain N terminus (21) and the B-chain N and C termini had little effect on the ability of H2 relaxin to interact with RXFP1, combined truncations partially disrupted binding was somewhat surprising. However, NMR structural studies of shortened analogues revealed that in several cases, truncations caused a disruption of the stable overall structure of H2 relaxin, which can explain this feature. We have reported previously that removal of a large part of the H2 relaxin A-chain (residues A1-9) effectively removes any ordered structure of the A-chain, whereas the B-chain retains a helical nature (21) . Similar effects are evident for shorter truncations of the A-chain or the B-chain N terminus as evident from the NMR analyses. It is likely that this destabilization is responsible for the reduced affinity of shorter analogues compared with native H2 relaxin but that the active structure can still be induced upon receptor binding.
The fold of relaxins is clearly dependent on the integrity of an extensive hydrophobic core (51) . Fig. 10 shows the crystal structure of H2 relaxin and illustrates the positioning and interactions of various amino acid side chains. Neither of the removed residues, shown in green, are key residues buried in the hydrophobic core, and as such, their omission would not be expected to be detrimental to the fold. However, residues Tyr A3 , Trp B4 , and Glu B6 do form contacts with other parts of the molecules on the fringes of the core; thus, their removal may contribute to the destabilization of overall structure. In contrast, truncations of the B-chain C-terminus had no noticeable effect on the overall structure of H2 relaxin. This is consistent with only limited contacts between residues in this region and other parts of the protein. -24)(B7-24) as Lead for Further Development of RXFP1-specific Therapeutics-H2 relaxin recently completed phase IIb clinical trials (4) and is currently in phase III clinical trials for acute heart failure, due to its positive vasodilatory and renal effects. It is produced for pharmaceutical applications through recombinant expression followed by enzymatic cleavage of the C-peptide to achieve the active two-chain structure. This strategy, although being efficient for native H2 relaxin, is limiting in terms of being able to produce various analogues including chemically modified analogues with non-native amino acids. Such analogues may prove to be valuable as a next generation H2 relaxin agonists and antagonists having improved stability and pharmacokinetic properties. Chemical synthesis, while being more flexible, is on the other hand limited by the size of H2 relaxin and the complexity of joining the two chains by sequential oxidative formation of disulfide bonds.
H2-(A4
Our result here open the door for development of smaller H2 relaxin variants more readily accessible by synthetic means. Future work will be aimed at identifying weak links in this minimized structure and introducing chemical modifications to improve serum stability and drug-like properties.
As H2 relaxin is currently in clinical trials for AHF and shows potential for the treatment of fibrosis (collagen deposition), selectivity of new analogues for RXFP1 over RXFP2 is a key issue as native H2 relaxin is able to activate RXFP2 with high affinity. Truncation of the B-chain C terminus was expected to have a positive effect on the selectivity for RXFP1, as Trp B28 , which is conserved in INSL3, is critical for INSL3 binding to its cognate receptor, RXFP2 (39) . This was indeed found to be the case with H2-(B1-27) and H2-(B7-24), both of which lack Trp B28 , showing significant decreases in affinity for and activation of RXFP2 ( Fig. 8 and Table 1 ). Combination of a truncated B-chain (B7-24) with N-terminally truncated A-chain (A4 -24) was found to further reduce the activation of RXFP2, with the lead molecule H2-(A4 -24)(B7-24) being devoid of measureable RXFP2 activity even at micromolar concentration (Fig. 8 , Table 1 ). This result nicely fits with our previous observation that truncations of four to six residues from the N terminus of the A-chain decreased the affinity for and activity of RXFP2 by Ͼ2 log units (Ͼ100 times) (21). 8 nM) or the H2-A(4 -24), H2-B(7-24) analogue in TGF-␤1 (2 ng/ml)-stimulated cells. All data are expressed as the relative ratio of collagen content measured in the untreated group, which was expressed as 1, whereas the numbers in parentheses represent the number of separate experiments that were conducted for each group in triplicate. **, p Ͻ 0.01 versus the untreated group; #, p Ͻ 0.05 versus the TGF-␤1 alone-treated group. FIGURE 10. Structure of H2 relaxin. Two different views of the crystal structure of H2 relaxin (Protein Data Bank code 6RLX) are shown with side chains of residues removed in the minimized lead peptide H2-(A4 -24)(B7-24) shown in green and the conserved disulfide bonds in yellow. Neither of the residues removed are buried in the hydrophobic core however, residues Tyr A3 , Trp B4 , and Glu B6 form contacts on the fringes of the core; thus, they may contribute to the decreased stability of the fold of the truncated H2 relaxin.
The receptor (RXFP1) selectivity of our peptide is much more pronounced than the H2 mutant peptide, H2 relaxin F A23 A in which the Phe in position 23 of the A-chain is replaced by an Ala which has recently been reported by Park et al. (18) . This peptide was claimed to be an RXFP1-specific analogue based on a decrease in affinity primarily for RXFP2. We have recently prepared this mutant and found that it has a pEC50 value of 7.27 for RXFP2, 7 whereas the pEC50 value of our peptide, H2-(A4 -24)(B7-24) is Ͻ6.0.
Importantly, the H2-(A4 -24)(B7-24) peptide was then tested on human BJ3 cells that natively express RXFP1 receptors (Fig. 9) . Strikingly, despite having a lower affinity for RXFP1, the H2-(A4 -24)(B7-24) analogue decreased TGF-␤1-stimulated collagen content by a similar extent as that of fulllength H2 relaxin. This ability of H2-(A4 -24)(B7-24) to strongly reduce collagen content in biologically relevant cells makes it a promising new anti-fibrotic agent.
CONCLUSIONS
In summary, we have identified a critical "active core" of the native H2 sequence, H2-(A4 -24)(B7-24). Though it is relatively less potent compared with native peptide, it is still capable of activating RFFP1 receptor at a nanomolar concentration. Importantly, it is also able to mimic the effects of native H2 relaxin on collagen remodeling in fibroblasts. Given that native H2 relaxin has a strong affinity for the INSL3 receptor (RXFP2), future clinical application of H2 relaxin could cause side effects through RXFP2-mediated physiological processes. The H2-(A4 -24)(B7-24) analogue will have an advantage over native H2 relaxin in that it is fully selective for RXFP1 over RXFP2, which is thus an ideal starting point for the further development toward the clinic. Finally, the H2-(A4 -24)(B7-24) peptide is about one-third smaller in size and thus easier and cheaper to make as a drug compared with H2 relaxin.
